Introduction 44
Dendrobium is one of the largest genera in the plant family Orchidaceae. More than 45 1100 species of Dendrobium have been identified, with a wide distribution throughout Asia, 46
Europe and Australia (1) . Totally, 74 species are found in China and more than 50 of them 47 can be used as "Shihu", a well-known and expensive China tea. Dendrobii Officinalis Caulis, 48
called Tiepi Shihu in Chinese, which is derived from dried stems of Dendrobium officinale 49
Kimura et Migo, is traditionally recognized as the best Dendrobium species for tonic 50 purposes, such as benefiting the stomach, supplementing body fluids and strengthening 51 immunity (2, 3). In addition, its green stem can be either chewed directly or stewed in 52 porridge, soup and dishes as a high-quality food in diets (4). More and more companies tend 53 to use D. officinale stem as dietary supplements to develop functional beverages (5). 54
For selling in herbal markets, the stems of D. officinale are always heated, twisted into a 55 spiral or spring form, and finally dried; in this form, it is commonly known as Tiepi Fengdou. 56
Nowadays, due to extremely scarce wild resources and increasing demand, Tiepi Fengdou has 57 become one of the most expensive tea materials in herb markets worldwide, particularly in 58 Southeast Asia. The high diversity of species in the Dendrobium genus, a lack of 59 distinguishing macroscopic identifying characteristics, and high price of Tiepi Fengdou have 60 led to the occurrence of adulterants, confused species, and counterfeits (6). Authentication oftrue Tiepi Fengdou would bring clarity to an uncertain market, allowing authorities to 63 regulate and certify the authentic species, giving consumers confidence, and safeguarding the 64
Extraction and purification of polysaccharides from D. officinale 119
The dried powder of Dendrobium officinale (200 g) was defatted with 95% ethanol for 2 120 days at room temperature under stirring. After filtration, the residue was treated twice with 2 121 L ultrapure water at 100 ºC for 2 h and filtered. The combined extracts were centrifuged 122 (8,000 rpm, 10 min), and concentrated in a rotary evaporator under reduced pressure at 55 ºC. 123
Then the gel-like solution was precipitated by adding 3 volumes of 95% ethanol under 124 vigorous stirring. After standing overnight at 4 ºC, the precipitate was obtained by 125 centrifugation (8,000 rpm, 10 min), and further washed with absolute ethanol, acetone and 126
ether. Finally, the precipitate was dissolved in water, dialyzed against ultrapure water for 3 127 days, concentrated and lyophilized to yield the crude polysaccharide (cDOP). 128
Then, cDOP was de-starched according to Xing's method (13), and the obtained purified 129
Dendrobium officinale polysaccharide was designated as DOP. A total of 100 mg of DOP was 130 dissolved in 10 mL of ultrapure water and loaded onto a DEAE-650M anion-exchange 131 chromatography column (5.0 i.d. × 30 cm). The column was eluted with ultrapure water first 132 and then with 0.01, 0.03, 0.05, 0.10, and 0.30 M NaCl solutions at the flow rate of 1.5 133 mL/min. Fractions (20 mL) were collected by a fraction collector and the carbohydrate 134 content was analyzed by the phenol-sulphuric acid assay method (14). Two fractions, namely 135 DOP-1 (eluted by ultrapure water) and DOP-2 (eluted by 0.01 M NaCl), were successfully 136 separated from DOP, dialyzed for 48 h, concentrated and lyophilized.
Structure analysis 138

Molecular weight determination 139
Homogeneity and the molecular mass of DOP, DOP-1, and DOP-2 were determined 140 using high-performance gel-permeation chromatography (HPGPC) according to the method 141 of Xu (12). The analyses were performed on an Agilent 1100 series HPLC-DAD system 142 
Chemical components and monosaccharide composition 147
The total sugar content was measured by phenol-sulphuric acid spectrophotometric 148 assay (15) and D -mannose was used as equivalents. The content of uronic acid was 149 determined by the modified carbazole and sulphuric acid method (16) with D -glucuronic acid 150 as the standard. Protein content was determined by spectrophotometric method (17) using 151 bovine serum albumin (BSA) as the standard. For monosaccharide composition analysis, 152 samples (5 mg) were hydrolyzed with 2 mL of 2 M trifluoroacetic acid (TFA) at 120 ºC for 2 153 h. Then, the resulting samples were analyzed using high-performance liquid chromatography 154 (HPLC) coupled with ELSD detector according to the method of Yang (18) DOP and its two fractions (DOP-1 and DOP-2) were characterized by FT-IR 159 spectroscopy on a Thermo Nicolet 5700 infrared spectrophotometer (Thermo Electron, 160
Madison, WI, USA) at room temperature (25 ºC) using KBr pellets. Samples were dried at 55 161 ºC in a vacuum drying oven for 24 h prior to analysis, and spectra were scanned between 162 4000 cm -1 to 450 cm -1 with the resolution of 4 cm -1 . 163
Methylation and GC-MS analysis 164
The methylation analysis of DOP, DOP-1, and DOP-2 were carried out according to the 165 method of Carre (19) with some modifications (20, 21). Briefly, the dried samples were 166 dissolved in anhydrous DMSO with constant stirring at 50 ºC for 20 h to obtain a well 167 dissolved solution. Then, dry NaOH powder (20 mg) was added, and the mixture was stirred 168 at room temperature for 4 h. After that, methyl iodide (1.0 mL) was added slowly, with the 169 mixture in an ice bath, and another 0.5 mL methyl iodide was added 30 min later. The 170 solution was stirred for 2.5 h. The methylated polysaccharides were extracted with CH 2 Cl 2 , 171 and then washed with distilled water three times. In order to remove water, the extract was 172 passed through an anhydrous NaSO 4 column and the eluted solution was evaporated by astream of nitrogen. The dried methylated samples were detected by FT-IR spectroscopy to 174 ensure that the peak of -O-H in the region 3500-3100 cm -1 had been eliminated. Then the 175 per-methylated samples were hydrolyzed, reduced and acetylated as partially methylated 176 alditol acetates (PMAA) which were further analyzed by GC-MS for linkage analysis. 177
Aliquots of the PMAA were separated on a SP-2330 capillary column (30 m×0.25 mm I.D., 178 0.2 μm film thickness, Supelco, Bellefonte, PA, USA). The oven temperature was set initially 179 at 160 ºC, increased at the rate of 2 ºC/min to 210 ºC, and then increased at 5 ºC/min to 240 180 ºC. 181
NMR spectrum 182
The polysaccharides (30 mg) were deuterium-exchanged three times and finally 183 Bruker Advance 400 MHz NMR spectrometer (Bruker, Rheinstetten, Germany) at 298 K. 185
Acetone was used here as the internal standard ( H 2.225 ppm,  C 31.45 ppm), and Bruker
186
TopSpin program was used to acquire and process the NMR data. 187
Immunomodulating effects determination 188
Cell cultures 189
The murine macrophage cell line RAW264.7 was obtained from American Type CultureCollection (Manassas, VA) and was propagated in DMEM high glucose medium (Invitrogen 191 Life Technologies, Carlsbad, CA) supplemented with 10% heat-inactivated FBS (Gibco, 192 Carlsbad, CA, USA), 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco, Carlsbad, 193 CA, USA). 194
Cell viability assay 195
The viability of cells was measured using MTT assay. Briefly, RAW264.7 cells (5×10 overnight. Then, DOP and its two sub-fractions at 125, 250, and 500 μg/mL, respectivelycells were incubated for another 24 h. The cell supernatants were collected by centrifugation 209 at 1,000×g for 10 min. The amounts (pg/mL) of IL-6 and of TNF-α secretion in culture 210 supernatants were determined in duplicate by using an ELISA kit according to the 211 manufacturer's instructions. LPS (100 ng/mL) and LPS plus polymyxin B were used here as 212 controls. 213
Phagocytic assay 214
Dextran (M w 12 kDa), which is characterized by low immunogenicity and high 215 resistance to cleavage, was fluorescein isothiocyanate-conjugated and prepared for the 216 phagocytic assay according to the published method (22, 23). RAW264.7 cells (4×10 5 217 cells/well) were seeded in 12-well plates overnight and then were exposed to cell culture 218 medium, serial concentrations of DOP, DOP-1 and DOP-2, and LPS for 24 h. Then the cells 219 were treated with FITC-dextran (0.1 mg/mL) and incubated for 1 h. After incubation, cells 220 were washed four times in cold PBS and were analyzed by flow cytometry (BD Biosciences, 221
Lymphocyte proliferation assays 223
Spleens were collected from 6-8 week-old BALB/c mice after killing them by cervical 224 dislocation. Single cell suspension of splenocytes was prepared according to the methoddescried by Matsuzaki (24). Briefly, the spleens were cut into several pieces and pressed 226 through 70 μm cell strainer (BD falcon, BD Biosciences, San Jose, CA) into culture medium 227 using a syringe plunger. After centrifugation at 100×g for 10 min, cell pellets were washed 228 twice with Hank's balanced salt solution (HBSS, Gibco, Carlsbad, CA, USA). Spleen cells 229
were re-suspended in red cell lysis buffer in order to lyse red cells and incubated at room 230 temperature for 5 min. The lymphocytes were collected and washed twice with RPMI-1640 231 without FBS. Proliferation of mouse spleen cells was measured using the lymphocyte 232 transformation assay as previously described (25, 26) . Briefly, the resulting pellet was 233 re-suspended and diluted to 5×10 To detect co-stimulatory activity of Dendrobium officinale polysaccharides and 245 mitogenic stimulators (Con A and LPS), the mouse splenocytes were cultured with different 246 concentrations of DOP, DOP-1, and DOP-2 (125, 250, and 500 μg/mL) and two different 247 mitogens (Con A and LPS) at their predetermined optimal concentrations (Con A: 1.25 248 μg/mL; LPS: 20 μg/mL) for 48 h. Subsequent treatment and determinations were performed 249 as described previously. 250
Data analysis 251
All data were expressed as mean ± SD. Statistical analysis was performed using one way 252 ANOVA, and statistical significance was determined at *p<0.05, **p<0.01, ***p<0.001, 253 **** p<0.0001. 254
Results 255
Fractions and molecular characterization 256
As shown in Figure 1A , DOP was purified by ion-exchange chromatography on 257 DEAE-650M. Two main fractions DOP-1 (eluted with ultrapure water) and DOP-2 (eluted 258 with 0.01 M NaCl) were obtained, accounting for 66.4% and 23.6% of total polysaccharides 259 by weight, respectively. They both exhibited high homogeneity in HPGPC examination 260 respectively, which illustrated that DOP could be successfully separated into DOP-1 and 263 DOP-2 by ion-exchange chromatography. 264
Chemical components and monosaccharide compositions 265
The chemical compositions of cDOP, DOP, DOP-1, and DOP-2 are summarized in Table  266 1. The average starch content of cDOP was 10.0%, while after de-starching with thermostable 267 α-amylase, starch was not found in DOP, DOP-1, and DOP-2. A higher percentage of neutral 268 sugar and lower percentages of protein and uronic acid were found in DOP, DOP-1, and 269 DOP-2, as compared to cDOP. 270 DOP, DOP-1, and DOP-2 showed similar monosaccharide composition ( Figure 1C) . 271
Only two monosaccharides were found, namely mannose (Man) and glucose (Glc). The 272 mannose percentage, glucose percentage, and mannose/glucose ratios (M/G) are shown in 273 Table 2 . The mannose/glucose ratios for DOP, DOP-1, and DOP-2 were 5.8±0.1, 5.6±0.1, and 274 5.9±0.1, respectively. 275
Infrared spectroscopy 276
The FT-IR spectra of cDOP, DOP, DOP-1, and DOP-2 ( Figure 1D ) were similar. The 277 broad and strong absorbance bands at 3436 cm -1 between the region 3500-3100 cm respectively (31). The assignment of the absorption peaks are given in Table 3 , and are 286 consistent with the results of monosaccharide composition analysis (Table 2) . 287
Methylation and GC-MS analysis 288
The major sugar residues and their positions at which they were substituted in the 289 polysaccharides were determined by methylation and GC-MS analysis. The individual 290 residues were qualitatively determined according to the retention times of their derivatives in 291 GC and by comparison of mass spectra with literature data (20, 32). The linkage patterns of 292 DOP and its two fractions are summarized in Table 4 . They showed similar linkage modes, 293 
Effects of DOP and its two sub-fractions on proliferation of RAW264.7 cells 312
The cell proliferation effects of DOP and its two fractions on RAW264.7 cells are shownin Figure 3A . When administered at varied concentrations of 3.75, 7.5, 15, 30, 62, 125, 250, 314 500, and 1000 µg/mL together with polymyxin B (10 µg/mL), DOP and its two fractions 315 induced cell proliferation but polymyxin B did not inhibit it. However, the effect of LPS was 316 excluded by polymyxin B. DOP had significant proliferation effects at different 317 concentrations from 3.75 to 1000 µg/mL. The proliferation rate increased along with the 318 concentration from 3.75 µg/mL to 125 µg/mL (p<0.0001), but declined to the control value at 319 the high concentration of 1000 µg/mL. Similar results were also observed for DOP-1 and 320 DOP-2. In summary, none of DOP, DOP-1, and DOP-2 showed cytotoxicity on RAW264.7 321 cells. Therefore, the three concentrations of 125, 250, and 500 µg/mL were chosen for further 322 study. 323
Effects of DOP and its two sub-fractions on cytokine production of RAW 264.7 cells 324
As shown in Figure 3B , DOP, DOP-1, and DOP-2 exhibited similar effects on the 325 TNF-α production of RAW 264.7 cells with the positive control LPS. The effect of LPS was 326 suppressed by polymyxin B, but polymyxin B did not inhibit TNF-α production of DOP and 327 its two fractions. The effect on TNF-α production of DOP, DOP-1, and DOP-2 was 328 dose-dependent at the concentrations of 125, 250, and 500 µg/mL. All of DOP, DOP-1, and 329 DOP-2 had little effect on NO and IL-6 production (data not shown). 330
Phagocytic activities of DOP and its two sub-fractions
As shown in Figure 3C , the positive control LPS significantly increased the 332 phagocytosis rate of RAW264.7 cells at the concentrations of 2 μg/mL, while polymyxin B 333 inhibited this effect. DOP, DOP-1, and DOP-2 all exhibited similar inducing effects in a 334 dose-dependent manner at the concentrations of 125, 250, and 500 μg/mL, but polymyxin B 335 did not suppress their effects. DOP significantly increased phagocytosis rates from 336 18.3±0.42% (125 μg/mL, p<0.001) to 26.6±1.70% (500 μg/mL, p<0.0001), and comparable 337 activities were also observed in groups of DOP-1 and DOP-2. 338
Proliferation of mouse spleen lymphocytes after stimulation with DOP and its two 339
sub-fractions 340
As shown in Figure 4A , Con A and LPS significantly triggered T lymphocyte and B 341 lymphocyte proliferation, respectively, and these results were consistent with previous studies 342
(35, 36). DOP and its two sub-fractions also stimulated lymphocyte proliferation in vitro. The 343
OD490 values of DOP, DOP-1, and DOP-2 groups were significantly higher than that of the 344 control group at concentrations of 125, 250, and 500 μg/mL. 345
Changes of T and B lymphocyte proliferation in synergistical stimulation by DOP 346
and its two sub-fractions with mitogen 347 significantly higher than that of the cell control group, and rose in a dose-dependent manner 349 at the concentrations of 125, 250, and 500 µg/mL. Compared to the value of positive control 350 LPS group, DOP, DOP-1, and DOP-2 co-cultured with LPS groups also significantly 351
increased OD490 values at the concentrations of 125 250, and 500 µg/mL. DOP-2 displayed 352 significant mitogenic activity on mouse lymphocytes, yet it did not have significant 353 proliferation effect at the concentration of 125 μg/mL as compared to the LPS group. When 354 co-cultured with D. officinale polysaccharides, the lympho-proliferative response induced by 355 optimal concentration of Con A (1.25 μg/mL) was significantly enhanced ( Figure 4C ) 356 compared with the Con A-stimulating group and control group in a dose-dependent manner. 357
Discussion 358
Teipi Shihu has a complicated chemical profile. In addition to bibenzyls, phenanthrenes, 359 sesquiterpenoids, and other small compounds, polysaccharides are the dominant component, 360 with content up to 50% of the total dry weight (37). In our previous study (12), we 361 demonstrated the molecular size distribution pattern of the water extract of Teipi Shihu, and 362 found DOP to be the unique polysaccharide marker with its content being close to 30% of the 363 total dry weight. There are also some other polysaccharides, in addition to DOP. 364 . Despite the differences in molecular weights, mannose-to-glucose ratios, and number of 368 acetyl groups, all these polysaccharides are types of acetyl-glucomannan. In our study, DOP 369 and its two sub-fractions also showed the identical general features: acetyl-glucomannan 370 having a high degree of polymerization and a limited degree of branching. 371
Up to now, only two studies have reported the structural details of de-starched and 372
HPGPC-homogenous 2-O-acetyl-glucomannan isolated from D. officinale (13, 39). 373
Comparison with these literature data reveals some similarities and differences between these 374 reported polysaccharides and the Dendrobium officinale polysaccharides in our study. The chemical structures of these polysaccharides have not been directly confirmed by 383 high-quality 2D NMR spectra. In order to obtain a high-quality NMR spectrum, the 384 polysaccharide sample needs to be dissolved in D 2 O or DMSO to form a homogenoussolution at the concentrations of approximate 3-4% (w/v). But Dendrobium polysaccharides 386 including DOP-1 and DOP-2 in the present study always have high viscosity and relatively 387 low solubility in D 2 O. Therefore it is hard to get their high-quality 2D NMR spectra. A 388 previous study also encountered this problem (13). In that case, the authors had to degrade 389 their polymer sample using endo-β-mannanase, and tried to characterize the chemical 390 structure by analyzing the major enzyme-hydrolysis products for which 1D/2D NMR spectra 391 are satisfactory. conformation, glycosidic linkage, degree of branching and so on (49, 50). From these aspects, 418 our polysaccharides should contain some differences from those of the previous studies. In 419 this study, DOP and its two sub-fractions were found to contain the same monosaccharide 420 composition, identical linkage pattern, and similar degree of branching. This might explain 421 why they showed similar effects on RAW264.7 cells and spleen lymphocytes. 422
In conclusion, the unique polysaccharide marker DOP of D. officinale was separated presented as the mean±SD. *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001 compared withthe control group. 608 Table 1 Chemical compositions of CDOP, DOP, DOP-1, and DOP-2. 609 Table 2 Monosaccharide analysis of DOP, DOP-1, and DOP-2. 610 Table 3 FT-IR spectra of DOP, DOP-1, and DOP-2: wave numbers and intensities of 611 functional groups. 612 Table 4 Glycosyl-linkage analysis of DOP, DOP-1, and DOP-2. Mouse macrophages RAW264.7 cells were treated with different concentrations of DOP, DOPa, and DOPb, positive control LPS, LPS plus polymyxin B (10 μg/ml) or vehicle for 24 h. MTT method, ELISA assay, and FACScan flow cytometry were used for analyzing cell viability, TNF-α production, and phagocytosis rate, respectively. The data are presented as the mean±SD. *p<0.05, **p<0.01, ***p<0.0001, ****p<0.0001 compared with the control group. 
